enging rates for charged evaporation aerosols in nonthunderstorm clouds compared to noncharged aerosols. A further indirect mechanism has been proposed in which GCR ionization influences nitrous oxide and ozone production and thus stratospheric heating rates. This alters the stratospheric and tropospheric circulation and possibly the cloud distribution [Brasseur and Solomon, 1995] . Through both direct and indirect processes it is hypothesized that an increase (decrease) in GCR should result in an increase (decrease) in cloud, greatest for high clouds and at high geomagnetic latitudes where transmission of the cosmic ray flux is at its maximum. FD events have been associated with a decline in high cloud at high latitudes of the Northern Hemisphere [Pudovkin and Veretenenko, 1995] .
However, the magnitude of these direct and indirect GCR/cloud interactions in the atmosphere remains largely unconfirmed [Pruppacher and Klett, 1997]. Additionally, attempts to quantify the effects of GCR on cloud are complicated by variations in other solar related parameters coincident with FD events. SP events may be associated with FD events and may cause ionization higher in the atmosphere than GCR particles, principally at the poles [Brasseur and Solomon, 1995] . Changes in solar irradiance especially at ultraviolet wavelengths have also been linked with the large-scale tropospheric circulation [Haigh, 1996 [Haigh, , 1999 , which may then affect the distribution of cloud. Solar activity and the electric field of the solar wind itself may also affect the global electric circuit (and thus cloud processes) through generation of enhanced ionospheric cross polar cap voltage [Bezprozvannaya et al., 1997] . There is evidence that such processes modulate the large-scale stratospheric and tropospheric circulation at high latitudes [Tinsley and Heelis, 1993; Bezprozvannaya et al., 1997] .
In this context, there is a clear need for observational studies to assess the evidence for the operation of such mechanisms at climate space scales and timescales. The aim of this study is to quantify the effect of short-term Forbush decreases in GCR (in isolation from other solar variables) on global and regional patterns of cloud cover. Utilizing the most comprehensive database of global cloud cover currently available, produced for the International Satellite Cloud Climatology Program (ISCCP), this study is the first to assess any systematic effect of FD events on cloud cover at the global scale.
2.
Data and Methods ISCCP D1 data were obtained for the period 1986 to 1994, representing the full extent of currently available data (although the data will eventually extend from 1983 to the present day). The D1 format provides global estimates of a range of cloud parameters every 3 hours on a 2.5 ø latitude-longitude grid [Rossow et al., 1996] . The D series algorithms have been modified significantly from the C series algorithm. Modifications include changes to improve the detection of clouds and reduction in bias [Rossow and Schiffer, 1999] . We selected 24 variables representing all the available information on cloud amount, expressed as the proportion of all pixels in a grid cell (Table 1 ). The cloud classification utilized by ISCCP for variables 10-24 involves a two-dimensional threshold of cloud height and optical depth and as such is dependent on the availability of visible data [Rossow et al., 1996] . These ISCCP D 1 data were accumulated over 24-hour periods to remove the effects of diurnal variability in cloud cover.
The methodology adopted here is the "epoch superposition" analysis used in previous studies of this kind. This method is used in many scientific fields to find general patterns in temporal data sets. In this study we have selected a sample of isolated FD events (separated by more than 11 days from another event). These dates (listed in This analysis is conducted at a range of spatial scales from global averages through 5 ø geomagnetic latitude bands to every 2.5 ø grid cell over the globe. Because the actual area of grid cells varies with latitude, it is necessary to ensure that the quantities derived at all scales larger than that of individual cells represent an accurate estimate of the true areal average. Thus cloud proportions at global and latitude band scales are derived from the actual numbers of satellite pixels (total and cloudy) within the entire region rather than by averaging the grid cell cloud proportions.
In the case of the smallest spatial scale (2.5 ø grid), there are potential problems in interpreting the collective statistical significance of gridded fields of finite numbers of statistical tests such as t-tests. These problems stem from the effects of finite sample size and spatial autocorrelation in global climate data sets [Livezey and Chen, 1983] . To address this problem, the global percentage area (Ae) of locally significant t-tests (on the difference in cloud variables between the base period and a given day -1 to 5) was tested for field significance. This was achieved by undertaking a randomized Monte Carlo simulation, consisting of 1000 runs, in which the probability density distribution (PDD) of the percent area of locally significant t-tests (at the 0.05 probability level) for random data (At) was estimated. In each of the 1000 experimental "runs" a sample of n (equal to that used in the analysis of FD events) "epochs" (a consecutive 11 day period) were randomly drawn from a database of over 2000 days. By comparing Ae with the PDD of Ar the statistical likelihood that the observed At, has occurred by chance can be calculated.
3.
Results Figure 1 shows the mean proportion of cloud cover during the base period day -5 to day -3. The structure of cloud cover is in very close agreement both in terms of absolute and relative cloud amounts with the long-term average cloud conditions determined from the ISCCP D2 data set [Rossow and Schiffer, 1999] . From this we are confident that our sample of events is representative of the long-term climatology, providing evidence that our sample size is large enough to highlight any systematic changes in cloud cover associated with FD events. Although there is dispersal within the composite mean, the magnitude and duration of FD events are clearly apparent. It is important to note that the decline in GCR at these stations begins about • 12 hours prior to 0000 UTC on the FD onset day (day 0) as recorded at the Mt. Washington site and used as the sampling basis in this study.
The mean anomalies of globally averaged values of all cloud variables at days -1 to 5 during FD events are presented in Table  3 . There are statistically significant declines in the proportion of total cloud and level 1-3 cloud. There is a clear pattern of reduced cloud cover from day -1, with a minimum at day 1, when the absolute cloud proportion falls from 0.64 during the base period to 0.626, an anomaly of-0.014 or 1.4% ( Figure 3 and Table 3 ). This is then followed by a rise to day 5. Total cloud proportion anomalies at day -1 to day 1 are significant at the 0.01 probability level (Table 3) b Significant anomalies at the 0.01 probability level. Table 3 for statistical significance of observations.
It appears that the largest anomalies may occur at nighttime (and/ or during the winter season at high latitudes) since there are no significant anomalies observed using the daytime observations only (Table 3 , variable 2), even over land surfaces (not shown). In addition, none of the cloud-type variables derived using the daytime visible data show any significant anomalies (Table 3, The results of the Monte Carlo simulations to test the field significance of 2.5 ø gridded fields of cloud anomalies show that only a very few of the variables produce anomaly patterns that are field significant at any useful significance level. This is likely to reflect the high degree of cloud variability apparent at this small scale, associated with the day-to-day mesoscale, synoptic, and It is interesting to note that there are no significant anomalies associated with low-level cloud at any spatial scale. Nor are significant anomalies observed where ISCCP D1 data involved daytime observations. Thus we cannot identify significant anomalies associated with particular cloud types. However, it is quite possible that this is a result of larger errors in the multispectral satellite algorithms used to define cloud types, relative to those variables based on IR temperate thresholds only. Finally, there are no statistically significant anomalies observed for FD events associated with solar proton events.
Determining the physical mechanism(s) which cause the observed cloud anomalies is challenging, given the complexity of possible solar influences. However, the results, indicating that significant cloud anomalies are largely restricted to the highestlevel cloud over the polar latitudes (Particularly of the Southern Hemisphere) during FD events are in line with many theories describing the effect of GCR on cloud microphysics. These suggest that the polar regions experience the greatest penetration of GCR and that GCR induced ionization peaks in the upper troposphere and lower stratosphere, precisely where ISCCP level 1 cloud occurs. It is possible that the changes in cloud preceding the onset of FD events (by up to 1 day) may simply reflect the decline in GCR observed in the high geomagnetic latitude neutron monitor sites on average some 12 hours prior to 0000 UTC on the FD onset day. In addition, there is considerable dispersal within the composites of GCR such that some FD events involve small decreases in GCG a few days prior to FD onset. However, the results do not support firm conclusions on the operation of any particular mechanism linking GCR and clouds given that the direct and indirect (via the electric circuit) effects may have a similar space/time structure. Nevertheless, the observed structure of cloud cover changes involving a small increase (large decrease) in cloud at • • 30øN (polar latitudes) might be expected to result from cloud microphysical processes associated with a large-scale modulation of the global electric circuit, in which the air-Earth current density (and thus supply of electrostatic charge) is at its maximum (minimum) at low (high) latitudes during FD events [Tinsley, 1996] . In fact, Earth-atmosphere current density increases (statistically insignificant) have been observed over Mauna Loa, Hawaii (•--20øN) around 4 days after FD events [Engfer and 7i'nsley, 1999] . Why there is no increase in cloud observed at subtropical latitudes of the Southern Hemisphere is not clear, although it may relate to the existence of the Southern Hemisphere convergence zones, which produce greater cloud cover in these latitudes compared with the Northern Hemisphere (by 12% at • = 30øN) such that any GCR/cloud microphysical processes are relatively less important. Indeed, it may be no coincidence that the increase in cloud proportion is observed at • --30øN where the global minimum in cloud proportion occurs (Figure 1) .
That no significant cloud anomalies emerge for FD events associated with solar proton events, when the reduction in GCR is accompanied by an increase in SP flux, further suggests a specific role of GCR in modulating cloud microphysics. The primary cause of FD events is solar coronal mass ejection, which is also associated with other potentially important solar phenomena, including increases in ultraviolet radiation (UV) and changes to stratospheric chemistry and the solar wind [Brasseur and Solomon, 1995; Herman and Goldberg, 1978] . Gabis and Troshichev [2000] observe increases in UV prior to and during FD and SP events, and they suggest this may result in perturbations in the large-scale stratospheric (and subsequently tropospheric) circulation. Changes in UV and stratospheric chemistry over the duration of the l 1-year solar cycle have also been shown to result in substantial changes to the large-scale circulation of the lower atmosphere in GCM simulations [Haigh, 1996 [Haigh, , 1999 and observations [van Loon and Labitzke, 1998 ]. Tinsley [2000] suggests that the current flow in the global electric circuit (and thus, potentially, cloud cover) can be modulated by relativistic electron precipitation from the magnetosphere and the ionospheric potential distribution in the polar cap regions, in addition to GCR modulation of ionospheric conductivity [Tinsley, 2000] . These former two processes are related to the strength of the solar wind, changes in which can precede the onset of FD events.
It is expected that changes in UV, stratospheric chemistry, and solar wind will occur during all FD events including those associated with SP events. In fact, UV anomalies are larger for SP than FD events [Gabis and Troshichev, 2000] . Thus the differing cloud response to FD and FD-SP events may preclude other mechanisms acting in isolation as an explanation of the results, and it suggests that the degree of cosmic ray ionization in the middle to lower atmosphere, (which may initiate direct or indirect effects (via the electric circuit) on cloud microphysical processes) could be a critical factor. Such a conclusion is tentative, however, given that we have not examined the other solar-related variables explicitly. Of course, it is always problematic to identify cause and effect from empirical studies, and it is plausible that a combination of mechanisms may explain the observations. This might involve the direct or indirect effect of GCR in conjunction with UV variability and/or other mechanisms which modulate the global electric circuit. However, any effect of these other processes on cloud has yet to be determined. . In those studies, positive correlations between interannual cloud cover and GCR are strongest for low-level cloud (on average 2 km) and over ocean surfaces of the tropics and midlatitudes. Here we find no significant anomalies in low-level cloudiness associated with short-term GCR variability. The disparities between those studies and the present work may simply represent the difference in timescales under study, such that the effect of GCR on low-level cloud is largely apparent over longer time periods than those associated with FD events. In addition, the mean FD in GCR is 4.7%, roughly 50% of the variation in GCR over an 11-year solar cycle. These disparities may prove important to our understanding of the likely mechanisms by which GCR may influence cloud. Alternatively, it may be that our results, based on a sample of GCR variability that excludes other mechanisms of internal and external climate variability, suggest that the correlation between interannual variability in GCR and low-level cloud observed in previous studies may not necessarily reflect a causal relationship.
Conclusions
This study presents interesting new findings on the possible effect of short-term changes in galactic cosmic ray flux associated with Forbush decrease events. The results indicate that overall, the changes in cloud amounts associated with FD events are relatively small in magnitude and duration but have a highly specific spatial structure. Substantial reductions in the highest-level clouds are observed at polar latitudes immediately prior to and following FD events, particularly notable over Antarctica. Although this represents a small proportion of the globe, the effects on atmospheric chemistry and regional climate may be substantial and justifies further analysis. A small increase in total cloud is observed over Northern Hemisphere subtropical geomagnetic latitudes.
That there appears to be a latitude and height dependence of the cloud response to FD events is broadly consistent with some theories on GCR/cloud mechanisms. Consideration of the insignificant cloud changes during FD events associated with solar proton events suggests that the results are unlikely to be explained by other single mechanisms acting in isolation and provide additional circumstantial evidence of a GCR/cloud relationship. However, the complexity of solar influences on the atmosphere should not be understated and the results do not support any firm conclusion on the mechanism by which GRC may influence clouds. Our results do not concur with some previous empirical work on GCR/cloud relations suggesting that the mechanisms and potential effects on climate may be more complex than previously stated. However, it must be borne in mind that this study is concerned only with short-term changes in GCR. Empirical results such as these cannot prove any theory on the mechanisms by which GCR may influence cloud, and the work emphasizes the need for further research into this topic.
In keeping with all empirical studies of this kind there are a number of caveats that must be noted when interpreting the results. Second, it is possible that the satellite instruments that supply the data and/or the algorithms used to extract cloud information, are not sufficiently sensitive or accurate, respectively, such that data errors are large relative to any physical GCR/cloud signal. This is a possible explanation of the absence of significant cloud anomalies for variables incorporating visible data, where errors are likely to be higher than those associated with the IR channel only. In addition, for numerous reasons, satellite cloud retrievals are most problematic over polar regions under nighttime/wintertime conditions [Rossow and Schiffer, 1999] where we identify the most significant changes in cloud proportion. However, we feel it is unlikely that satellite errors are responsible for our results given the relatively "random" nature of the FD sampling and the results of the Monte Carlo simulations using an extensive ISCCP D1 database. It is also possible that because the satellites cannot quantify multilayered cloud, the cloud amounts at different vertical levels are not truly independent of each other in that low-level cloud amounts may be inversely related to those at upper levels. This might mask a real decline in low-level clouds during FD events.
Third, the study is based on data from a relatively short period such that our sample of FD events is smaller than some previous studies, which have utilized longer-term surface-based meteorological observations. While a short data set is more sensitive to random data anomalies, we must wait for a number of years before the satellite database will be extended substantially. Finally, by assuming linearity and uniformity in the response of the atmosphere to FD events the methodology of epoch superposition itself may conceal important information on the precise nature of these interactions. Analysis of individual FD events may well prove a fruitful avenue for further research but is beyond the scope of this paper.
